This work represents an investigation into the presence, abundance and diversity of 26 virus-like particles (VLPs) associated with human faecal and caecal samples. Various 27 methodologies for the recovery of VLPs from faeces were tested and optimized, including 28 successful down-stream processing of such samples for the purpose of an in-depth electron 29 microscopic analysis, pulsed-field gel electrophoresis and efficient DNA recovery. The 30 applicability of the developed VLP characterization method beyond the use of faecal samples 31 was then verified using samples obtained from human caecal fluid.
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manually to further disperse any large particles remaining in the sample; the sample was then 116 stomached for a further 120 s. The homogenate was kept on ice for 2 h to allow desorption of 117 VLPs from solid material, then centrifuged at 11,180 g for 30 min at 10ºC. The supernatant 118 was transferred to a fresh tube and centrifuged again at 11,180 g for 30 min at 10ºC. 119 Supernatant [herein referred to as faecal filtrate (FF) for both faecal and caecal samples] was 120 passed through sterile 0.45 m cellulose acetate filters (Millipore) and the FF was then 121 collected in a sterile container. An aliquot (10 l) of each of the FFs was examined by 122 epifluorescence microscopy (EFM) after viral particles had been stained with SYBR Gold 123 (see below) to confirm that the samples were free of bacteria. 124 FF prepared in LL was used for enumeration of VLPs in faeces via EFM (see below) 125 and 1 ml aliquots of FF prepared in TBT were for examination by transmission electron 126 microscopy (TEM; see below). 127 Aliquots of FF and LL (two sets of three aliquots of 100 l each: one for aerobic 128 cultivation, one for anaerobic cultivation) were spread onto Columbia blood agar containing 129 5 % laked horse blood (Oxoid), and incubated aerobically and anaerobically. Sterility of the 130 filtrates was confirmed by the absence of microbial growth on plates following incubation for 131 2 (aerobic) and 5 (anaerobic) days. Sterile brain-heart infusion broth was inoculated with 100 132 l of FF and LL, and incubated aerobically for 2 days: aliquots (100 l) were spread in 133 triplicate on plates to confirm sterility of the broth cultures. In addition, 10-ml aliquots of FF 134 were stored at 4°C for 6 months after collection, and were found to be free of bacteria when 135 checked (by plating) at monthly intervals. 136 Poly(ethylene glycol) (PEG; BioUltra, 8000; Sigma) was added to 2  20 ml aliquots 137 of the LL-prepared 0.45 µm-filtered FFs (final concentration of PEG, 10 %, w/v). The 138 samples were shaken gently to dissolve the PEG, then left at 4°C for 16 h ([16] used 16 h as 139 they observed an improved recovery of RNA bacteriophage compared to shorter incubations; [17] used 10 h, as they determined this to be longer than the minimum time required to obtain 141 a constant and stable white layer of viral precipitate). PEG-precipitated VLPs were then 142 harvested by centrifugation at 4,500 g for 30 min in a swing-out-bucket rotor at 4°C. The 143 supernatant was removed and the pellet resuspended in 1 ml TBT for pulsed-field gel 144 electrophoresis (PFGE) or 5 ml TBT for purification of VLPs on a CsCl gradient [15] with 145 ultracentrifugation performed at 100,000 g for 2 h at 10°C in a fixed-angle Type 50 Ti rotor 146 (Beckman Coulter). VLPs recovered by CsCl (1.35 and 1.5 g/cm 3 fractions) were dialysed 147 (12,000 Da cut-off) twice against 400 ml sterile TBT, passed through a sterile 0.45 m 148 cellulose acetate filter and stored at 4°C until DNA was extracted. An aliquot (5 l) of each 149 of the CsCl-purified samples was viewed using EFM after viral particles had been stained 150 with SYBR Gold (see below) to confirm that the samples were free of bacteria. 
Epifluorescence microscopy (EFM)
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A combination of the methods of Thurber and Patel [15, 18] was used to prepare FFs 154 (faecal only) for EFM. VLPs present in FF were not fixed in paraformaldehyde prior to 155 enumeration, as Wen et al. [19] showed that aldehyde fixation leads to a rapid loss in viral 156 abundance. The SYBR Gold concentration of 1-5 recommended by [15] did not work with 157 FFs; therefore, the 400 concentration recommended by [18] for use with planktonic aquatic 158 samples was used in this study.
159
The filtration system (see [15] for specifics of the set-up employed), including a 160 glass-graduated column, for collecting VLPs on filters was cleaned using 5 ml of 0.1 m-161 filtered, sterile H2O and 5 ml of 0.1 m-filtered ethanol. A sterile pair of flat-tipped forceps 162 was used to remove a 0.02-m white Anodisc 25 membrane (Whatman) from its box, and the 163 filter was fitted to the glass frit of the filtration system under a low vacuum [<10 psi (~62 164 kPa)]. Duplicate 2 ml aliquots of 0.1 m filtered, sterile H2O and 10 l of sterile LL in 2 ml 165 9 0.1 m filtered, sterile H2O were used as negative controls (to assess whether there was any 166 contamination in the water, the LL, the filter tower or the filter surface) and passed through 167 filters under low vacuum before any of the FF aliquots were filtered in duplicate. For each 168 sample, a 10 l aliquot of 0.45 m-filtered FF was added to 2 ml of the 0.1 m filtered, 169 sterile H2O and the suspension gently mixed. The diluted sample was then introduced into the 170 filter system with the low vacuum maintained. The liquid was passed through the filter, and 171 VLPs were collected on the filter. The clip and glass column were carefully removed from 172 the filtration system and the filter was gently removed from the glass frit (still under 173 vacuum). While holding the filter with a forceps, the back of the filter was gently blotted dry 174 on a clean Kimwipe; the filter was then left to dry on a Kimwipe in a sterile Petri dish for 10 175 min in a dark box. The filtration system was cleaned with 5 ml of 0.1 m-filtered, sterile H2O 176 and 5 ml of 0.1 m-filtered ethanol, and the next sample processed.
177
Filters were stained with 100 l droplets of 400 SYBR Gold and dried as described Coverslips were picked up with sterile forceps, inverted and placed on the Anodisc filters on 181 the microscope slides. Slides were then left at room temperature in the dark for 16 h to allow 182 the antifade to cure. Slides prepared in this manner can be stored at room temperature for 1 183 week or at 4ºC for 2 months. filter. To give an estimate of the number of VLPs per gram of faeces, results were multiplied 192 by a factor of 5. The detection limit of the method was 1.0310 5 VLPs/ml FF or 5.1510 5
193
VLPs/g faeces. 
Examination of VLPs in FFs (faeces) by using EFM 239
Previous studies examining the faecal virome have used 0.22 m filters to prepare 240 samples [9, 11, 12, 13] . Preliminary work performed with 0.45 m-filtered faecal samples To examine the VLPs present in FFs (faeces) by EFM, the method described by [9] 251 and [15] was used initially. However, it was found that we were unable to visualize many, if 252 any, VLPs present in the samples using 1-5 SYBR Gold as the DNA/RNA stain. Increasing 253 the concentration of SYBR Gold to 400, as used by [18] for planktonic aquatic samples, 254 allowed us to enumerate and detect VLPs present in the FFs prepared from faecal samples of 255 six donors ( Fig. 1 and Fig. 2) . The samples were extracted in LL, though the method worked 256 as well with samples extracted in TBT (data not shown). To determine the relative abundance 257 of the predominant VLP morphologies in FFs, samples were not concentrated by CsCl 258 centrifugation ( Fig. 1 ). All FFs were found to be free of bacteria by EFM (Fig. 2) , with the 259 number of VLPs present in samples ranging from 2.410 8 to 1.1210 9 VLPs/ml FF (mean 260 5.5810 8 VLPs/ml FF) (equivalent to ~1.210 9 to 5.5810 9 VLPs/g faeces, mean 2.9410 9 ). 19 Crohn's disease patients and found on average 1.210 9 VLPs/biopsy (range 4.410 7 -263 1.710 10 ), in agreement with the mean value we present here for faecal VLPs. Of note, 264 Crohn's disease patients harboured significantly (P = 0.024) more VLPs than healthy 265 individuals (2.910 9 vs 1.210 8 VLPs/biopsy) in the study of Lepage et al. [4] . 266 It is generally accepted that there are around 10 bacteriophages for every microbial 267 cell in environmental samples investigated to date [25] . Extrapolating this figure to the gut 268 microbiota, from fluorescence in situ hybridization studies it is estimated that the faecal 269 microbiota harbours ~10 11 bacteria/g faeces in healthy adults [26] . Consequently, one would 270 expect the presence of at least 10 12 VLPs/g faeces. Enumerating VLPs in faeces via FFs (or 271 any liquid medium) by EFM is highly subjective as a dot of very intense fluorescence may in 272 fact represent a cluster of VLPs (Fig. 2) , a phenomenon frequently encountered during this 273 study. Patel et al. [18] stated that, to accurately enumerate VLPs by EFM, micro-adjustments 274 using the fine focus of the microscope have to be made to ensure that all viruses in a 275 particular grid-reticle box are counted. We agree with this statement, and furthermore add 276 that many VLPs have very likely been lost during the preparation and filtering of samples, 277 either by association with debris in the initial centrifugations or by being caught in the filters 278 because of clogging or because the VLPs are too big to pass through the pores (e.g. members 279 of the order Megavirales [27]). Even after centrifugation, the supernatants from several of the 280 samples, while appearing relatively translucent, were highly viscous (perhaps due to host 281 mucins) and clogged the 0.45 m filters with less than 2 ml of sample being filtered.
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Consequently, the values we provide for the numbers of VLPs in FFs and faecal samples are 283 a conservative estimate. We believe the true number of VLPs present in faeces to be higher, 284 possibly between 10 10 and 10 12 VLPs/g faeces. Lepage et al. [4] determined there to be 10 10 285 VLPs/mm 3 tissue in their study of mucosal VLPs. 
Examination of VLP diversity in FFs by the use of TEM
288
VLPs were readily detected in the TBT-extracted faecal samples from all donors by 289 TEM. Bacterial cells were never observed in any samples examined by TEM (limit of 290 detection 10 6 per ml). It was striking how visibly different/distinct the VLP assemblages were 291 between the donors, with no two donors sharing the same VLPs, at least on the basis of 292 morphological appearance ( Fig. 3 and Fig. 4; Supplementary Fig. 1 ). The vast majority of Supplementary Fig. 2d ). Fig. 4 also illustrates the apparent clustering of Myoviridae phages Fig. 1c ) and Donor 313 6's samples ( Supplementary Fig. 1d ). Donor 6's sample was predominated by these 314 "zeppelin"-like VLPs, with only a few bacteriophages detected. Sime-Ngando et al. [28] 315 reported the presence of rods of up to 22-24 1000 nm: similar to the 'zeppelins' identified 316 in the present study, these rods had no visible internal or external structures. The largest 317 Myoviridae phages found in this study were documented for the sample of Donor 5 318 ( Supplementary Fig. 1c) , with the phages having prolate heads of 150 × 115 nm and tails of 319 400 nm in length. The sample from Donor 6 did not reveal the same level of diversity as seen 320 for the other faecal samples and the reason for this is not known ( Supplementary Fig. 1d ).
321
Enumeration of VLPs in the sample of Donor 2 (highest number of VLPs as detected by 322 TEM) demonstrated there to be approx. 5×10 7 VLPs/ml FF.
323
For the majority of the caecal samples, a lower extent of viral biodiversity was 324 documented. Sample L10 (no clinical data) was unique, containing exclusively small 325 isometric-headed Podoviridae (50 nm diameter) and ~20-nm long appendages (Fig. 5b) . 326 Samples L08 (healthy) (Fig. 5a) , and L02 and L03 (both IBD) (Suppl. Fig. 5b , c) appeared to 327 exclusively contain Myoviridae phages. The greatest extent of morphological variation and 328 the highest bacteriophage numbers were seen in caecal samples L16 (no clinical data) and 329 L17 (no clinical data) ( Fig. 5c, d ) andto a lesser extentin samples L01 (diverticulosis) 330 and L18 (no clinical data) ( Supplementary Fig. 2a, d) . A new type of a giant Myoviridae 331 bacteriophage was exclusively found in sample L16 (Fig. 5c) increasing the centrifugation speed to 100,000 g, routinely used in the laboratory to purify 346 lactococcal bacteriophages for preparation of high-quality DNA and used by Kulikov et al.
347
[29] to recover bacteriophages from horse faeces, markedly improved recovery of faecal 348 VLPs.
349
To concentrate VLPs from 20-ml quantities of FF so that they could be applied to 350 CsCl gradients in 5 ml aliquots, it was decided to use PEG precipitation. This method of 351 recovery has previously been used with, for example, marine samples and faecal samples to 352 improve detection of F-specific coliphages in faecal material [16, 17] , and allows large 353 starting volumes of sample to be used for recovering VLPs from human faeces. The method 354 can be scaled easily so that the VLPs from larger volumes of FF are precipitated for 355 collection by centrifugation: we used 20 ml of FF from each donor here to demonstrate the 356 efficacy of the method, but the entire FF derived for each donor's 25 g of starting material 357 could have been used for PEG precipitation of VLPs.
358
PEG-precipitated samples resuspended in 1 ml TBT were examined using PFGE.
359
Aliquots (40 l) of the resuspended pellets were heated at 60°C [9] or 75°C ([24] used this 360 temperature to inactivate nucleases) before PFGE. Profiles containing one or more bands 361 were observed for samples from all donors (Fig. 6) . Following treatment at 60ºC, Donor 1's 362 sample produced a faint band at 105 kb, with this band being more prominent following 363 sample treatment at 75ºC; at the higher temperature, bands were also observed at 135 kb and 364 just below 48.5 kb, with the most prominent band at 79 kb. Donor 2's 60ºC-treated sample 365 produced a profile with a faint smear and a thin band at 84 kb; with the 75ºC-treated sample, 366 the smear was more pronounced, with a thick band observed between 75 and 84 kb. Similar were treated prior to loading on the gel: the 60ºC-treated sample had three bands visible 372 (most prominent at 100 kb, fainter bands at 48.5 kb and 66 kb), whereas the 75ºC-treated 373 sample had these three bands with at least another 8 bands visible between 48.5 and 97.0 kb.
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Donor 6's sample had a faint band just below 48.5 kb after heating at 60ºC, whereas the 375 sample heated at the higher temperature produced two prominent bands that were smaller 376 than 48.5 kb. The results from the gel were reproducible (triplicate gels run; data not shown).
377
It is unsurprising that heating at 75ºC produced more complex banding patterns, as we would 378 expect the higher temperature to disassemble (some of) the capsids of VLPs resistant to 379 heating at 60ºC, thereby releasing packaged DNA.
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Using this method, it was possible to visualize VLP DNA when stained with SYBR 381 Gold (Fig. 6 ) or ethidium bromide ( Supplementary Fig. 3) . It was clear that increasing the 382 temperature at which the samples were heated prior to loading onto the gel revealed greater 383 diversity in the samples, and that each individual harboured a unique VLP assemblage (Fig.   384 4). This is in agreement with the findings of the metagenomic studies of [11] and [12] . The 385 sample from Donor 6 did not reveal the same level of diversity as seen for the other donors, 386 18 in agreement with the results shown by TEM ( Supplementary Fig. 1d ). This donor's sample 387 was predominated by "zeppelin"-like VLPs that may not have released their nucleid acids by 388 the conditions employed here.
389
Heating PEG-precipitated samples allowed us to generate PFGE images that 390 demonstrated that each individual harbours a unique VLP assemblage, and encouraged us to 391 continue with studies to improve recovery of VLP DNA from human faeces. It also showed 392 that our method of recovery of VLPs present in faeces was superior to that used previously 393 by [9] to generate a viral assemblage fingerprint. In that study, the authors stated that the 394 limited amount of DNA recovered using tangential flow filtration with a 500 g faecal sample 395 from a 33-year-old made it necessary to enhance the sample bands on the gel relative to the 396 ladder. In contrast, no enhancement of the bands detected by SYBR Gold (Fig. 6 ) or ethidium 397 bromide ( Supplementary Fig. 3) was required using the methodology described herein, 398 although SYBR Gold was, as expected, far more sensitive than ethidium bromide. PEG 
Isolation of high-quality DNA from FFs 413
Reyes et al. [11] and Thurber et al. [15] (based on the work of [9]) have reported 414 recovery of ~500 ng (from 2-5 g of frozen faeces) and 500-3000 ng (from 500 g of fresh 415 faeces), respectively. The method of Reyes et al. [11] is closest to that presented herein for 416 the recovery of VLPs from faeces [i.e. they hand-filtered samples, whereas Breitbart et al. [9] 417 used tangential flow filtration to process their sample]. As stated above, 20 ml of FF equates 418 to ~4 g faeces. We processed 500 l portions of 3.5-4 ml CsCl-purified VLPs for DNA 419 extraction, and resuspended the DNA in 50 l of TE (Fig. 7 ). If we had processed the entire 420 PEG-precipitated, CsCl-purified VLP sample for each donor, we would have recovered 421 between ~1000 and 1800 ng from ~4 g of faeces (theoretically ~6000-11000 ng from 25 g of 422 faeces). This increase in recovery of DNA is thought to be mainly due to the use of 0.45 m 423 filters rather than 0.22 m filters to process samples, supported by our observation that 424 passing FFs through 0.22 m filters led to VLP counts by EFM that were approximately half 425 of those of the 0.45 m-filtered samples. Increasing filter size and using PEG precipitation to 426 increase the volume of sample that can be processed would allow greater sampling of the 427 faecal virome in future metagenomics studies.
428
In addition to demonstrating the utility of the method with faecal samples, we have 429 successfully isolated VLP DNA from human caecal effluent (Fig. 7) . For each of the samples, 430 20 ml of 0.45 m-filtered caecal filtrate prepared in LL was PEG-precipitated, with the VLPs 431 then purified on CsCl gradients. These 20-ml aliquots equated to ~4 ml caecal effluent from 432 each of the three samples examined. We started with 30, 30 and 10 ml, respectively, of 433 effluent from caecal samples L07 (healthy), L08 (no clinical data) and L10 (no clinical data).
434
Therefore, if the filtrate from entire homogenates of these samples had been processed, we 435 would have expected to isolate between ~600 and 8000 ng VLP DNA from caecal effluent.
20
Consequently, it should be possible to conduct metagenomics studies of the VLP 437 assemblages associated with the human caecum using the methods described herein. demonstration that increasing the temperature at which samples are heated prior to loading 568 onto the gel can affect the diversity uncovered. The gel was stained with SYBR Gold and 569 visualized as described in Methods. This is a crude (but inexpensive) method of examining 570 VLP populations in human faeces, and demonstrates that each individual harbours a unique 571 VLP profile. Ladder, lambda ladder (#340; New England Biolabs). 
